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We propose a radiative seesaw model at the three-loop level, in which quarks, leptons, leptoquark bosons, 
and a Majorana fermion of dark matter candidate are involved in the neutrino loop. Analyzing neutrino 
oscillation data including all possible constraints such as ﬂavor changing neutral currents, lepton ﬂavor 
violations, upper/lower bound on the mass of leptoquark from the collider physics, and the measured 
relic density of the dark matter, we show the allowed region to satisfy all the data/constraints.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
Since it is experimentally proved that neutrino masses are very 
tiny compared to the other three fermion sectors in the standard 
model (SM), one often considers new mechanisms to induce such 
a tiny neutrino masses naturally. One of the promising scenarios is 
to radiatively generate neutrino masses by forbidding the tree-level 
masses that is sometimes called radiative seesaw models, and there 
are a lot of papers along this idea. For example, one loop induced 
models are found in Ref. [1], two-loop ones are found in Ref. [2], 
three-loop ones are found in Ref. [3], and see Ref. [4] for four-loop 
ones. Especially, if known particles such as quarks and leptons are 
simultaneously running inside the neutrino loop, we could inter-
pret the known SM fermions play an important role in providing 
the tiny neutrino masses and more variety of phenomenologies 
such as ﬂavor changing neutral currents (FCNCs), lepton ﬂavor vio-
lations (LFVs), muon anomalous magnetic moment, electric dipole 
moment, can potentially be taken into account as well as the neu-
trino oscillation data. To achieve such kinds of models, leptoquark 
(LQ) bosons, which have SU (3) color degrees of freedom in the 
SM gauge symmetry, are needed to connect each others. This line 
of ideas is found in Refs. [5–7]. In another aspect of the radiative 
seesaw models, a dark matter (DM) candidate is often involved in 
the neutrino loop. One of the reasons is that DM should be electri-
cally neutral and tends to be weakly interacting particle. Therefore, 
the nature of DM is similar to the active neutrinos (if DM is es-
pecially fermion), and it could be natural to consider that these 
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SCOAP3.particles are correlated with each other. Moreover, the mass scale 
of DM is not conﬁrmed yet although many experiments are run-
ning to search for the DM candidate. In this sense, its mass can be 
treated as a free parameter to ﬁt the neutrino oscillation data as 
well as the other phenomenologies.
In this paper, we propose a radiative seesaw model at the three-
loop level that possesses all the contents discussed above. Here, all 
the (down-type) quarks, leptons, LQ, and DM, are mediated inside 
the neutrino loop.1 Then we analyze neutrino oscillation data in-
cluding all the possible constraints coming from quarks, leptons, 
LQ, and DM, and show the allowed region to satisfy all the data.
This paper is organized as follows. In Sec. 2, we show our 
model, including neutrino mass matrix. In Sec. 3, we discuss phe-
nomenology of the model such as ﬂavor violation, dark matter and 
collider physics, and show numerical results to satisfy all the data. 
Sec. 4 is devoted for conclusions and discussions.
2. Model
In this section, we introduce our model including formula of 
active neutrino mass matrix.
2.1. Model setup
We show all the ﬁeld contents and their charge assignments 
in Table 1 for the fermion sector and Table 2 for the boson sec-
tor. Under this framework, the relevant part of the renormalizable 
Lagrangian and the Higgs potential are given by
1 Its framework is however already discussed in Ref. [8] as one of the possibilities 
of such an radiative neutrino model. under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
410 T. Nomura et al. / Physics Letters B 762 (2016) 409–414Table 1
Field contents of fermions and their charge assignments under SU (3)C × SU (2)L ×
U (1)Y × Z2, where the lower index i(= 1–3) represents ﬂavors.
Quarks Leptons Dark matter
Q Li uRi dRi LLi eRi NRi
SU (3)C 3 3 3 1 1 1
SU (2)L 2 1 1 2 1 1
U (1)Y 16
2
3 − 13 − 12 −1 0
Z2 + + + + + −
Table 2
Field contents of bosons and their charge assignments under SU (3)C × SU (2)L ×
U (1)Y × Z2.
 SaLQ1 S
a
LQ2
SU (3)C 1 3 3
SU (2)L 2 1 1
U (1)Y 12 − 13 − 13
Z2 + + −
−L = (y)i j L¯LeR j + (yL)i j L¯cLi (iσ2)Q αL j S∗αLQ 1
+ (yS)i jd¯cαRi NR j S∗αDQ 2 + MNi N¯cRi NRi + h.c., (2.1)
V =m2† +m2SLQ1 S
∗α
LQ 1
SαLQ 1 +m2SLQ2 S
∗α
LQ 2
SαLQ 2
+ λ0[(S∗αLQ 1 SαLQ 2)(S
∗β
LQ 1
SβLQ 2) + c.c.]
+ λ′0[(S∗αLQ 1 S
β
LQ 2
)(S∗βLQ 1 S
α
LQ 2
) + c.c.]
+ λ′′0[(S∗αLQ 1 S
β
LQ 2
)(S∗βLQ 1 S
α
LQ 2
) + c.c.] + λ|†|2
+ λSLQ1 |S∗αLQ 1 SαLQ 1 |2 + λSLQ2 |S∗αLQ 2 SαLQ 2 |2
+ λSLQ1 (†)(S∗αLQ 1 SαLQ 1)
+ λSLQ2 (†)(S∗αLQ 2 SαLQ 2)
+ λSLQ1 SLQ2 (S∗αLQ 1 SαLQ 1)(S
∗β
LQ 2
SβLQ 2)
+ λ′SLQ1 SLQ2 (S
∗α
LQ 1
SβLQ 1)(S
∗α
LQ 2
SβLQ 2)
+ λ′′SLQ1 SLQ2 (S
∗α
LQ 1
SβLQ 1)(S
∗α
LQ 2
SβLQ 2), (2.2)
where σ2 is the second component of the Pauli matrices. Each of 
λ′SLQ1 SLQ2 and λ
′′
SLQ1 SLQ2
comes from the contract of (3 × 3)(3¯ ×
3¯) → (3¯) × (3) → 1, and (6¯) × (6) → 1, where we used 3 × 3 =
3¯ + 6 for SU (3) representations. Also λSLQ1 SLQ2 comes from the 
contract of (3¯ × 3)(3¯× 3) → 1, and (8) × (8) → 1, where we used 
3¯×3 = 1 +8 for SU (3) representations. Also λ′0 and λ′′0 comes from 
the same contract as λ′SLQ1 SLQ2 and λ
′′
SLQ1 SLQ2
. But for simplicity we 
set λ0 ≡ λ′0  λ′′0 hereafter. Therefore there exists 15 color factor
2.2. Active neutrino mass matrix
The neutrino mass matrix is induced at the three-loop level, 
and its formula is given by
Mνab ≈
15λ0
(4π)6m2LQ 1
(yL)aimdi (y
∗
S)i jMN j (y
†
S) jkmdk (y
T
L )kb
× F3(rN j ,mLQ 2), (2.3)
F3(r) =
∫
[dx]
∫
[dx′]
∫
[dx′′]
× δ(1− x− y − z)δ(1− x
′ − y′ − z′)δ(1− x′′ − y′′ − z′′)
xrN j − y1[rdi , rSL2 ] − z2[rdk , rSL2 ]
,
(2.4)1[rdi , rSL2 ] =
x′rdi + y′ + z′rSL2
z′ 2 − z′ ,
2[rdk , rSL2 ] =
x′′rdk + y′′ + z′′rSL2
z′′ 2 − z′′ , (2.5)
where the factor 15 in the neutrino mass matrix comes from to-
tal color-degrees of freedom, r f ≡ (m f /mLQ 1)2, [dx] ≡ dxdydz, and 
one can assume to be rdi(k)  0. Notice here that F3(r) is de-
rived by directly computing the Feynman integrations, although 
this form looks different from the standard form found in Ref. [9]. 
It is convenient to perform the full analysis including the neutrino 
oscillation data, and its data is given by diagonalizing Mνab as fol-
lows:
Mdiagν = V TMNSMνVMNS , (2.6)
where VMNS is the Maki–Nakagawa–Sakata mixing matrix. Fur-
thermore, we adopt a method of Casas–Ibarra parametrization [10]
to carry out our numerical analysis with such a complicated neu-
trino mass matrix structure. In our case, the parametrization can 
generally be found as
yL = V ∗MNS
√
Mdiagν OA−1/2(y∗S)−1m−1d , (2.7)
or
yS =
[
m−1d (yL)
−1V ∗MNS
√
Mdiagν OA−1/2
]∗
, (2.8)
where
A ≡ 15λ0
(4π)6m2LQ 1
MN F3(rN ,mLQ 2), O ≡
⎡
⎣1 0 00 cα sα
0 −sα cα
⎤
⎦ . (2.9)
Here, O is a complex orthogonal matrix; OTO = 1. Depending on 
experimental constraints, one can select more convenient one. In 
our case we select the case of Eq. (2.8), because yL has to be 
imposed a lot of experimental constraints than yS . Therefore, yL
is taken as an input parameter in our numerical analysis. For the 
neutrino oscillation data, we have used the best ﬁt values with the 
global analysis in Ref. [11];
s212 = 0.323, s223 = 0.567, s213 = 0.0234, δC P = 1.34π,
|m2ν3 −m2ν2 | = 2.48× 10−3 eV2,
m2ν2 −m2ν1 = 7.60× 10−5 eV2, (2.10)
where we assume one of three neutrino masses is zero with nor-
mal ordering, for simplicity, in the numerical analysis below.
3. Phenomenology of the model
In this section, we discuss phenomenology of the model which 
includes lepton ﬂavor violations, dark matter physics and collider 
physics.
3.1. Flavor changing neutral currents and lepton ﬂavor violations
Here we discuss the Flavor Changing Neutral Currents (FCNCs) 
and the lepton ﬂavor violations (LFVs), where all the constraints 
related to yL are the same as the original colored Zee–Babu 
model [5,7]. Thus we just provide the most stringent constraint on 
yL , which comes from the process of μ → eγ and its branching 
ratio is given by
BR(μ → eγ ) ≈ 3αem
256πG2Fm
4
LQ 1
|(yL y†L)21|2, (3.1)
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stant. Current experimental bound is given by [12]
BR(μ → eγ )exp  4.2× 10−13. (3.2)
On the other hand, yS gives nonzero contributions to b → sγ , and 
K 0–K¯ 0 and B0d–B¯
0
d mixings through the one-loop box diagrams. 
The (partial) decay rate of b → sγ through the box diagram is 
given by
(b → sγ )
≈ αemm
5
b
442368π4
∣∣∣∣(yS)3a(y†S)a2
[
m6LQ 2 − 6m4LQ 2M2Na
+ 3m2LQ 2M4Na + 2M6Na + 126m2LQ 2M4Na ln
(
mLQ 2
MNa
)]
× (m2LQ 2 − M2Na )−4
∣∣∣∣
2
, (3.3)
then the branching ratio is given by
BR(b → sγ ) ≈(b → sγ )
tot.
 3.29× 10−4, (3.4)
where tot. ≈ 4.02 × 10−13 GeV is the total decay width of bot-
tom quark, and the right side value is the experimental upper 
bound [13].
The forms of K 0–K¯ 0 and B0d–B¯
0
d mixings are, respectively, given 
by
mK ≈ 2mL fK
3(4π)2
|(yS)11|2|(yS)22|2Fbox(MN1 ,MN2 ,MLQ 2)
 3.48× 10−15 [GeV], (3.5)
mB ≈ 2mB fB
3(4π)2
|(yS)11|2|(yS)33|2Fbox(MN2 ,MN3 ,MLQ 2)
 3.36× 10−13 [GeV], (3.6)
Fbox(m1,m2,m3) =
∫
δ(1− a − b − c − d)dadbdcdd
[am21 + bm22 + (c + d)m23]2
, (3.7)
where each of the last inequalities of Eqs. (3.5), (3.6) represents 
the upper bound on the experimental values, and f K ≈ 0.156 GeV, 
f B ≈ 0.191 GeV, mK ≈ 0.498 GeV, and mB ≈ 5.280 GeV.2
3.2. Dark Matter
Here we identify N2 as a DM candidate, and deﬁne its mass 
to be MN2 ≡ MX .3 The DM dominantly annihilate into down type 
quarks, N2N2 → did¯ j , via SLQ 2 exchange by interaction with cou-
pling yS . The relic density is approximately given by
h2 ≈ 4.28× 10
9x2f√
g∗MP [aef f (−3+ 4x f ) + 12bef f ] , (3.8)
where g∗ ≈ 100, MP ≈ 1.22 × 1019, x f ≈ 25, and its effective s-
wave and p-wave in the limit of massless ﬁnal state of down type 
quarks are, respectively, given by
aef f  0, (3.9)
bef f  |(y
†
S yS)22|2
64π
M2X (m
4
LQ 2
+ M4X )
(m2LQ 2 +m2X )4
. (3.10)
2 Since we assume that one of the neutrino masses be zero with normal ordering 
that leads to the 1st column of yS is almost zero; (yS )11 ≈ 0, these constraints can 
easily be evaded.
3 In the numerical analysis, we obtain that the 1st column of yS is almost zero 
that leads to over relic density. Thus, N1 is not a good DM candidate.Note that the s-wave contribution is suppressed since it is pro-
portional to square of down type quark mass. In our numerical 
analysis below, we use the current experimental range approxi-
mately as 0.11 ≤ h2 ≤ 0.13 [14].
3.3. Numerical analysis
Here, we search for the allowed region to satisfy all the con-
straints such as LFVs, FCNCs, and the relic density of DM that have 
already been discussed above. First of all we ﬁx the range of input 
parameters as follows:
MX ∈ [200 ,800 ] GeV, {MN3 ,MN1} ∈ [MX ,4000 ] GeV,
mLQ 1 ∈ [2500 ,4000 ] GeV, mLQ 1 ∈ [MX ,1000 ] GeV,
(yL)11 ∈ [0.02 ,0.05] , (yL)12 ∈ [0.013 ,0.02] ,
(yL)13 ∈ [0.003 ,0.005],
(yL)21 ∈ [0.01 ,0.05] , (yL)22 ∈ [0.1 ,0.2] ,
(yL)23 ∈ [0.0019 ,0.005],
(yL)31 ∈ [0.017 ,0.020] , (yL)32 ∈ [0.014 ,0.020] ,
(yL)33 ∈ [0.29 ,0.50],
α ∈ [(−1− i)/1000 , (1+ i)/1000], (3.11)
where λ0 = 4π and LFVs require rather small yL .4 We also ﬁnd 
that the mass of SLQ 2 is preferred to be lighter than 1 TeV while 
that of SLQ 1 is required to be heavy as several TeV. The 5 million 
random parameter sets are applied for numerical calculation and 
the results are shown in Fig. 1, where 202 points satisfy all the 
constraints. The left plot of Fig. 1, represents the allowed region in 
terms of the mass of DM and SLQ 1 . One ﬁnds that smaller mass 
of SLQ 1 is not allowed. This mainly comes from the constraint of 
LFVs such as i →  jγ . On the other hand, the right plot of Fig. 1
represents the allowed region in terms of the mass of DM and 
SLQ 2 that gives the upper bound on the mass of SLQ 2 , mLQ 2 
800 GeV. This constraint mainly comes from the relic density.
3.4. Collider physics
Here we brieﬂy discuss collider search for the leptoquarks. The 
leptoquarks can be produced via QCD process, pp → SLQ 1(2) S∗LQ 1(2) , 
at the LHC where the production cross section is determined by 
their masses. The decay of the leptoquarks is induced by the 
Yukawa coupling in Eq. (2.1) such that
SLQ 1 → iu j(νid j), SLQ 2 → diN j . (3.12)
The decay widths are given by
(SLQ 1 → iu j(νid j))
=
[
(yL)i j
]2
mSLQ1
8π
(
1− m
2
i(νi)
m2LQ 1
−
m2u j(d j)
m2LQ 1
)
× λ(m2i(νi)/m2LQ 1 ,m2u j(d j)/m2LQ 1)1/2,
(SLQ 2 → diN j)
=
[
(yS)i j
]2
mSLQ2
8π
(
1− m
2
di
m2LQ 2
−
m2N j
m2LQ 2
)
× λ(m2di/m2LQ 2 ,m2N j/m2LQ 2)1/2, (3.13)
4 Since lager values of yL do not results in an allowed region, we have chosen 
such a speciﬁc region.
412 T. Nomura et al. / Physics Letters B 762 (2016) 409–414Fig. 1. Allowed regions to satisfy all the constraints such as neutrino oscillation data, LFVs, FCNC, and the measured relic density. The left ﬁgure represents the allowed region 
in terms of the mass of DM and SLQ 1 , and the right ﬁgure represents the allowed region in terms of the mass of DM and SLQ 2 .Fig. 2. The branching ratio of the leptoquark SLQ 1 where the parameter sets satis-
fying all the constraints are applied.
where λ(x, y) = 1 + x2 + y2 − 2x − 2y − 2xy, and we take active 
neutrino mass as zero. To see the tendency of branching ratio (BR), 
we apply the parameter sets satisfying all the phenomenological 
constraints which are obtained by numerical analysis in Sec. 3.3.
In Fig. 2, we show the BRs for SLQ 1 and SLQ 2 as a function 
of their masses. We ﬁnd that SLQ 1 mainly decays into tτ and νb
channels with the same BR, while cμ and νs channels have sub-
dominant BR. Then the BR for the ﬁnal state μ+μ−cc¯ is  0.3%
for SLQ 1 pair production. Thus the SLQ 1 in our preferred mass 
region is free from current experimental constraints by the chan-
nel [15,16] and much higher luminosity is required to search for 
SLQ 1 in this mode. It will be interesting to search for third gen-
eration speciﬁc signatures of SLQ 1 pair production, τ
+τ−tt¯ and 
τ tbν , which have much larger BR than μ+μ−cc¯ channels. On the 
other hands we ﬁnd SLQ 2 almost 100% decays into N2s channel. 
Thus the signature of SLQ 2 is /ET + jets. We note that the squark 
pair production with q˜ → χ˜0q decay mode provides similar signa-
ture as SLQ 2 . Hence, we can estimate the lower limit of SLQ 2 mass 
from the current data for squark search [17]. From the limit for 
one squark case, we obtain the lower limit of the SLQ 2 mass as up 
to ∼ 450 GeV, depending on mass degeneracy between SLQ 2 and 
DM. Therefore some of our preferred parameter region would al-
ready be excluded and most of the region could be tested in future 
LHC experiments.
4. Conclusions
In this paper, we have studied colored KNT model, in which 
scalar leptoquarks are introduced. The active neutrino mass matrix 
is induced at three loop level where the leptoquarks propagate in-
side the loop. In addition, the lightest SM singlet Majorana fermion can be a dark matter candidate due to a discrete Z2 symmetry im-
posed in the model.
We have carried out numerical analysis to search for allowed 
parameter range which is consistent with neutrino oscillation data 
and DM relic density. Then the constraints from the ﬂavor chang-
ing neutral current have been taken into account such as the ﬂavor 
changing lepton decay i →  jγ , and K 0–K¯ 0 and B0d–B¯0d mixings. 
We then ﬁnd that 100 GeV scale DM and SLQ 2 and TeV scale lep-
toquarks SLQ 1 can be consistent with all the constraints, and all 
the coupling constants are in the perturbative regime.
Finally we have discussed collider physics regarding leptoquark 
production in the model. The leptoquarks can be produced by QCD 
process and then decay into lepton and quark. The branching ra-
tio (BR) of Z2 even (odd) leptoquark SLQ 1(2) is investigated with 
the parameter sets obtained from our numerical analysis. We have 
found that SLQ 1 mainly decays into tτ and νb channels with same 
BR while cμ and νs channels have subdominant BR. Thus BR for 
SLQ 1 S
∗
LQ 1
→ μ+μ− j j is around  0.3% and our preferred mass re-
gion is free from the constraints from the current experimental 
data. In addition, the model could be also tested by searching for 
SLQ 1 signals such as τ
+τ−tt¯ and tτbν which have much larger 
BR than μ+μ− j j channel. On the other hand we ﬁnd SLQ 2 al-
most 100% decays into N2s channel. Thus the signature of SLQ 2 is 
/ET + jets and we roughly estimate upper limit of the mass by us-
ing the current data for squark search such that up to ∼ 450 GeV, 
depending on mass degeneracy between the leptoquark and DM. 
Note that our preferred mass range is within the reach of current 
and/or near future LHC experiment.
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